An efficient strategy of discovering potential nematicidal compounds based on bacterial volatiles was reported and demonstrated. Three thousand and eight hundred bacterial strains isolated from 187 agricultural soil samples were taken as a pool to screen the antagonists of nematodes producing toxic volatiles, which resulted in 438 strains with nematicidal activity toward two target nematodes Panagrellus redivivus and Meloidogyne incognita. The 438 nematicidal bacteria were phylogeneticaly identified as Bacilli, Gammaproteobacteria, Alphaproteobacteria and Actinobacteria. Seventeen bacterial volatiles were demonstrated to exhibit nematicidal nature after gas chromatography/mass spectrometry (GC/MS) analysis and confirmation in vitro using pure commercial compounds. Four bacterial volatiles, 2-undecanone, 2-octanol, cyclohexene and decanal, were proved to have the potential as nematicidal fumigants based on the pot experiment results using methyl isothiocyanate as control.
INTRODUCTION
Plant parasitic nematodes are one of the most damaging pathogens in agriculture. Only the root-knot nematodes (Meloidogyne spp.) cause an estimated US$100 billion loss annually to a wide variety of crops worldwide (Oka et al., 2009 ). These phytoparasitic nematodes induce the formation of galls in roots of many crops, which impedes normal uptake of water and nutrients, and facilitates the infection of some soil-borne phytopathogens (Bird and Kaloshian, 2003) . Current measures to control these pathogens include chemical nematicides, biological *Corresponding authors. E-mail: minghemo@yahoo.com.cn. Tel: +86 871 5031396. Fax: +86871 5034838.
# Authors contributed equally to this work. agents, crop rotation and resistant cultivars when available, of which, the use of chemical nematicides is the primary means. Some chemical fumigant nematicides, although effective, have been banned or restricted to use due to negative impact on environment and human health. For example, methyl bromide, an effective soil fumigant, is no longer used for its destructive potential to stratospheric ozone (Yagi et al., 1993; Ristaino and Thomas, 1998) . Several alternatives of methyl bromid, such as 1,3-dichloropropene (Wang et al., 2009) , methyl isothiocyanate (Wu et al., 2010) and methyl iodide (Becker et al., 1998) , have been used regionally but none of their spectrum is as effective and wide as methyl bromide against pathogens. At present, developing effective, safe and environmentally friendly novel fumigants is urgent for the control of plant-parasitic nematodes.
In nature, there is a large group of microorganisms that function as antagonists of nematodes (Mankau, 1980) . Their nematicidal activities may be achieved directly via prey and parasite or indirectly by producing toxins, peptides and volatiles (Liu et al., 2004) . The application of nematicidal microorganisms and their toxic compounds provides additional opportunities for managing the damage caused by plant-parasitic nematodes. A few species of fungi and bacteria, e.g. Pasteuria penetrans (Chen and Dickson, 1998; Tian et al., 2007) , Hirsutella rhossiliensis and Paecilomyces lilacinus (Liu et al., 2004) , Pochonia chlamydosporia and Myrothecium verrucaria (Butt et al., 2001) , have been successfully used for the control of nematodes in cropland. Also, many secondary metabolites from microorganisms have exhibited high potential as commercial nematicides based on their high nematicidal activity and safety. At least 179 nematicidal compounds were identified from fungi (Li et al., 2007) , including alkaloids, peptides, terpenoids, macrolides, oxygen heterocycles, benzos, quinones, sterols, the aliphatic and the simple aromatic. Avermectin and its derivatives originate from Streptomyces avermitilis, and have been proven to be successfully in the control of nematodes and insects worldwide (Wright et al., 2008) .
Of the microbial metabolites, some volatiles could inhibit the mycelial growth and spore germination of many phytopathogens (Fernando et al. 2005; Zou et al., 2007) . For example, trimethylamine was reported to inhibit hyphal extension and arthrospore formation in Geotrichum candidum, a plant pathogen that causes sour rot on peach, nectarine, tomato and carrot (Robinson et al., 1989) . Allyl alcohol was reported to restrain carpogenic germination of sclerotia in Sclerotinia sclerotiorum (Huang et al., 1997) . Our previous study demonstrated that some bacteria could poison nematodes by producing a wide range of volatile organic compounds .
The development of novel commercial pesticide is costly and time consuming, especially because it is very difficult to develop safe and effective pesticide through the traditional chemical synthesis. However, the abundant nematicidal volatiles from microorganisms provide us with the alternative strategy to discover potential compounds or chemical skeleton as novel nematicidal fumigant. The present study was designed to: (1) elucidate the phylogenetic composition of soil bacteria producing nematicidal volatiles; (2) identify the nematicidal volatiles by the combination of solid-phase micro-extraction (SPME) and gas chromatography-mass spectrum GC/MS); and (3) evaluate the nematicidal effect of potential bacterial volatiles as soil fumigants.
MATERIALS AND METHODS

Soil sample collection and bacterial isolation
To characterize the nematicidal bacterial diversity from agricultural Li et al. 6107 soils, a total of 187 soil samples were collected from fields with different plants in 26 provinces (municipality or autonomous regions) of China. For each sample, approximately 1 kg of soil was sampled randomly at the top layer (depth, 2 to 15 cm) over an area of more than 5 m 2 per sampling plot. Soil samples were spread out to air dry at room temperature for 2 to 3 days and sieved through a 2 mm sieve, then stored in glass bottles at 4°C until used. Aliquots of 5 g of soil were used for determining the number of culturable bacterial cells. Soil moisture content was determined by weighing fresh and dried soil (100°C for 24 h). Samples were plated onto 10-fold-diluted BEPA medium (beef extract 3 g, peptone 10 g, NaCl 5 g, agar 16 g, pH 7.0). Purified isolates were individually preserved in BEPB broth (BEPA without agar) amended with 20% glycerol and stored at -80°C until used.
Target nematodes
Free living nematode Panagrellus redivivus and plant parasitic nematode Meloidogyne incognita were chosen as target hosts. Eggs of M. incognita were extracted from infected roots of ZZ806 variety with sodium hypochlorite solution (Hussey and Barker, 1973) . Juveniles of P. redivivus were cultured using oatmeal medium and were extracted by Baermann-funnel method (Baermann, 1917) . To obtain second-stage juveniles (J2) of M. incognita, the egg suspension was poured on gauze in a dish and incubated at room temperature. After hatching, the J2 was collected, and a suspension of juveniles in distilled water was prepared ready for use.
Screening of the bacteria producing nematicidal volatiles
The bacterial cultures were examined for their potential of producing nematicidal volatiles against P. redivivus and M. incognita by following the method of Gu et al. (2007) . The same volume of BEPB was used as controls. Nematicidal activity (NA) was calculated using the formula NA = DN/SN × 100%（DN: number of dead nematodes, SN: sum of all counted nematodes, SN > 100).
Phylogenetic analysis of the bacteria producing nematicidal volatiles
Bacteria genomic DNA was extracted using a bacterial genomic DNA extraction kit (BioTeke Corporation, China, Cat#: DP2001) and their 16S rRNA genes were amplified by polymerase chain reaction (PCR) using a pair of universal primers 1492r and 27f (Lane, 1991) . The amplified products of nearly 1,500 bp were purified with Agarose gel DNA purification kit (BioTeke Corporation, China, Cat#:DP1502) and then were analyzed for restriction fragment length polymorphism (RFLP) by three restriction endonucleases HaeIII, HspAI and MspI (TakaRa, Japan).
One to five representative clones from each unique RFLP type were submitted to Shanghai Sangong Biological Engineering Technology and Service Co. for sequencing. The resultant sequences were compared with those available in the GenBank using the BLAST program to determine their taxonomic affiliation. Phylogenetic analysis was performed using the MEGA4.1 software after multiple sequence alignment by CLUSTAL_X 1.8, with gaps treated as missing data. Clustering was performed using the Neighbour-Joining method (Saitou and Nei, 1987) . Bootstrap analysis was used to evaluate the tree topology of the Neighbour-Joining tree by performing 1,000 resamplings (Felsenstein et al., 1985) . The partial 16S rRNA gene sequences of representative isolates in this analysis have been submitted to the GenBank nucleotide sequence database and their accession numbers were given in parentheses listed in Table 2 . 
Identification of nematicidal volatiles
The solid-phase micro-extraction-GC/MS (SPME-GC/MS) was applied to detect volatile compounds. Bacterial volatiles were extracted as described by Díaz et al. (2004) . Briefly, 75 μM fibers (Supelco, Bellefonte, PA, USA) used for solid-phase micro-extraction (SPME) were first equilibrated with helium at 250°C for 15 min. The extractions were then performed inside 15 ml Supelco SPME vials filled with 9 ml bacterial culture containing a stir bar and 0.1 g sodium sulfate. The vials were clamped inside a thermostatic water bath, and then the samples were equilibrated for 1 h at 50°C (Zeng et al., 2006) with constant magnetic stirring. The volatiles from BEPB medium were used as controls. After extraction, the SPME fiber was directly inserted into the front inlet of a gas chromatograph (GC, HP 6890A) connected to a mass spectrometer (MS, HP 5973, GC/MS: Agilent Technologies, USA) and desorbed at 250°C for 2 min. GC conditions were the same as Xu et al. (2004) . The volatile compounds were identified, with similarity index of 95%, from the database search based on a comparison of the mass spectrum of the substance with GC/MS system data banks. The NA of each candidate compound was confirmed using pure commercial compound (analytical reagent).
Bacterial volatiles effect on the tumor formation in tomato plant
Four compounds with LC90 ≤ 0.1 mmol L -1 (Table 1) were selected to compare with the commercial nematicide methyl isothiocyanate for their efficacies in control of M. incognita as a pre-plant soil fumigant. In a plastic pot, nematicidal chemicals were mixed into sandy soil (clay: slit: sand =13: 7: 80; pH 7.8) respectively with the concentrations of 0.01, 0.05, 0.1 mmol L -1 soil. Immediately, each pot was inoculated with about 3,000 M. incognita J2 by injecting 10 ml of nematode suspension into five 5 cm deep holes in the soil. The final soil moisture content was approximately 40% of its water-holding capacity. The pot was covered with clear polyethylene plastic film for 7 days before transplanting a tomato seedling (variety ZZ806) with five to six true leaves in the pot. Soil treated with water alone was served as a control. Pots were kept in a greenhouse at 20 to 25°C and watered whenever necessary. Forty-five days after planting, root galling index per plant was assessed according to a 0 to 5 scale (Oka et al., 2009 ).
Data analysis and statistics
All treatments were conducted in triplicate. Values of NA (y) were transformed using a logit transformation, Ln [y/1 -y], and subjected to regression analysis. LC90 values to J2 of M. incognita were estimated based on the regression. Data were analyzed using the analysis of variance (ANOVA) and the means were compared by the least significant differences (LSD) for multiple comparisons. Rejection level was set at α < 0.05 in all analyses. All analyses were made using SPSS 11.0 (SPSS Inc., Chicago, USA).
RESULTS
Screening of soil bacteria producing nematicidal volatiles
Totally, 3,800 bacterial strains were isolated from the 187 soil samples and were evaluated the nematicidal volatiles against free living nematode P. redivivus and the plant parasitic nematode M. incognita. 482 (12.7%) strains displayed NA ≥ 40% to target P. redivivus, while only 81 strains showed NA = 100% (Figure 1 ). 536 strains (14.1%) showed NA ≥ 40% against target M. incognita, while only 93 strains showed 100% of NA (Figure 1 ). 438 isolates exhibited NA ≥ 40% to both target nematodes, in which including 68 strains with NA of 100%.
Phylogenetic analysis of the bacteria producing nematicidal volatiles
438 isolates with NA ≥ 40% to both target nematodes were selected for phylogenetic analysis. Based on the restriction fragment length polymorphism (RFLP) patterns, 54 isolates, at least one with a unique RFLP type, were selected for 16S rDNA sequencing. After comparison of the resulting sequences, the 438 nematicidal isolates were divided into four groups within the domain of bacteria with similarity of 98.14 to 99.85%: (i) Bacilli (including Bacillaceae and Planococcaceae, accounting for 68.03% of the 438 isolates), (ii) Gammaproteobacteria (including Pseudomonadaceae, Moraxellaceae and Enterobacteriaceae, 4.97%), (iii) Alphaproteobacteria (including Caulobacteraceae，Brucellaceae, 2.29%), and (iv) Actinobacteria (including Streptomycetaceae and Micrococcaceae, 24.88%) (Figure 2) .
Of the four groups, the majority members belong to Bacilli, which included 298 isolates, 23 RFLP types (R1 to R23), and were phylogenetically associated with the genera of Bacillus (240 isolates, 19 types) and Arthrobacter tumbae, Arthrobacter humicola, Arthrobacter scleromae, respectively. Group Gammaproteobacteria included 21 isolates represented with R24, R25 and R26, and was phylogenetically associated with the genera Pseudomonas (11 isolates, 1 type), Acinetobacter (9 isolates, 1 type) and Serratia (1 isolates, 1 type). The members of the types R24, R25 and R26 belonged to Pseudomonas putida, Acinetobacter lwoffii, Serratia marcescens subsp. sakuensis, respectively.
The remaining group, Alphaproteobacteria, including 10 isolates represented by types R27 and R28, were phylogenetically associated with Brevundimonas intermedia (2 isolates) and Mycoplana ramose (8 isolates).
Identification of the nematicidal volatiles from soil bacteria
Twenty-six isolates with high NAs to one or both target nematodes and phylogenetically associated with 21 species were selected for the identification of nematicidal volatiles (Table 2) . By analysis of the SPME-GC/MS, 34 volatile compounds were determined and were selected as nematicidal candidates. After pure commercial sample assay, the NAs of 17 compounds were confirmed which with LC 90 values of 0.07 to 2 mmol L , which included phenethyl alcohol, citricacidhydrate, N-nonane, 3(2H)-pyridazinone, dodecane, 1-eicosanol, isobutyl phthalate, n-icosane, acrylamide and hydroxyurea. NAs of the remaining 7 compounds, 1-butyl 2-(2-ethylhexyl) phthalate, 7-methylpentadecane, l-cathinone, azabenzene, P-mehylamphetamine, adiposettin, and 1-cyclohexylethanamine, were not confirmed due to the unavailability of their commercial samples.
Bacterial volatiles effect on the tumor formation in tomato plant
The nematicidal activity of four commercial chemicals, 2-undecanone, 2-octanol, cyclohexene and decanal, was compared with that of methyl isothiocyanate under pot condition. Results indicated that the four tested volatile compounds and the methyl isothiocyanate could significantly reduced number of galls forming on the root system of tomato compared with that of the control treated with water (p < 0.05) (Table 1) . Additionally, a significantly negative correlation was found between chemical
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Arthrobac ter my sorens
Arthrobac ter humic ola KV-653T ( concentration and number of root galls (p < 0.05) ( Table  1) . At the concentrations of 0.01 and 0.05 mmol L -1 soil, galling index treated with the five chemicals were 2.2 to 3.1 and 1.6 to 2.8, respectively. None of them could completely inhibit the infection of the nematode though their galling indices significantly lower than that of the control with galling index of 3.9 to 4.1 (p < 0.05). At the concentration of 0.1 mmol L -1 soil, all the tested compounds could significantly reduce the galling index under the value of 1, suggesting effective control of the nematodes. Methyl isothiocyanate (LC 90 = 0.06 mmol L -1 ) was more toxic to M. incognita J2 than the four bacterial compounds in vitro assay (Table 1) . Data of pot experiment also indicated that this nematicide appears more effective than the four, in controlling the damage of M. incognita. All the treatments with methyl isothiocyanate had the galling index significantly lower than that of the treatments with the four bacterial chemicals at any tested concentration (p < 0.05) ( Table 1) . Among the four chemicals, the nematicidal activity of 2-undecanone, 2-octanol and cyclohexene was similar but significantly higher than that of the decanal.
DISCUSSION
In the present study, 12.7 and 14.1% of the 3,800 bacteria showed above 40% NAs to P. redivivus and M. incognita respectively via producing volatile compounds, indicating that the antagonist resources against nematodes in agricultural soils is abundant in the nature. Phylogenetic analysis reported at least 21 different bacterial taxa serving as nematode antagonists by producing nematicidal volatiles (Figure 2 ). Of them, only two Stenotrophomonas maltophilia and Bacillus megaterium (Huang et al., 2010) had been reported previously. The high diversity of nematicidal volatiles in soil bacteria suggests that this group of microorganism likely contributes to the regulation of nematode population in soil. A bacterium could emit several kinds of nematicidal volatiles, and a chemical volatile also could be generated by several bacteria Huang et al., 2010 ; data not shown in this study). However, it is still not clear whether these bacterial species and their volatiles work independently or in a collective way to affect nematodes in natural environment.
The nematicidal volatiles detected from soil bacteria covered a wide range of compounds, including aldehydes, ketones, alcohols, aliphatic alkanes, amines, organic acids and phenolic compounds. The high diversity of nematicidal compounds from bacteria showed in this study open a door for us to finding novel nematicidal fumigants by directly using these compounds or by further chemical modifications based on their skeletons. Of the seventeen nematicidal volatiles with LC 90 ≤ 2 mmol/L found in this study, ten (phenol, 2-octanol, terpineol, 1-hexadecanol, decanal, phenyl ethanone, 2-undecanone, cyclohexene, propanoic acid and dimethyl disulfide) have been previously reported by Gu et al. (2007) and Huang et al. (2010) , while the remaining seven are novel.
Based on the in vitro assay and pot experiment, we confirmed that 2-octanol, 2-undecanone, cyclohexene and decanal showed effective nematicidal activity against knot-root nematode as pre-plant soil fumigants, though their control efficiencies not high as that of the commercial nematicide methyl isothiocyanate. Octanol is a straight chain fatty alcohol and occurs naturally in the form of esters in some essential oils. The primary use of octanol is in the manufacture of various esters used in perfumery and flavors. Other uses include experimental medical applications utilizing octanol to control essential tremor and other types of involuntary neurological tremors (Bushara et al., 2004) . As an isomer of octanol, the 2-octanol is expected to be safe to human and non-target organisms. 2-undecanone a is synthetical oily organic liquid, but it can also be extracted from oil of rue and found naturally in bananas, cloves, ginger, guava, strawberries, wild-grown tomatoes, and the perennial Houttuynia cordata (Liang et al., 2005) . Cyclohexene is a hydrocarbon in the form of colorless liquid with a sharp smell. It is an intermediate in various industrial processes. Cyclohexene is not very stable in long term storage with exposure to light and air (Musser, 2002) . Decanal is the simplest ten-carbon aldehyde, and it occurs naturally. It is currently used in fragrances and flavoring (Rychlik et al., 1998) . Decanal occurs in nature and is an important component in citrus along with octanal, citral, and sinensal. Decanal is also an important component of buckwheat odour (Janeš et al., 2009) . Decanal has been reported to inhibit the germinations of sclerotia and ascospores, and slow the growth of mycelia of the plant pathogen S. sclerotiorum (Fernando et al., 2005) . It seems that the four compounds aforementioned are safe to human and environment based on their current utilizations. Though the control efficiencies of the four toward M. incognita are less than that of the control compound methyl isothiocyanate, it is expected that more effective and safer nematicidal compounds can be obtained following this process plus further chemical modifications of the skeletons.
Conclusively, an efficient strategy to discover novel nematicidal fumigants had been carried out successfully by following the steps of isolation and evaluation of the nematicidal bacteria from soils, identification of the nematicidal volatiles releasing by bacteria, and evaluation of the control efficiency of the potential volatiles. By this way, 4 bacterial volatiles, 2-undecanone, 2-octanol, cyclohexene and decanal, were proved to have the potential as nematicidal fumigants.
